Results and discussion
The tumour-suppressor gene APC is conserved from man to fly [2, 3] . A search of mammalian expressed sequence tag (EST) databases for sequences showing homology to the human APC sequence revealed a human foetal brain EST clone (H50183), encoding a protein fragment with significant similarity to Armadillo repeats 2-6 of all known APC proteins. We tentatively termed the corresponding gene APC2. We then searched a Drosophila EST database, which revealed the existence of two clones (LD18122 and LD24920) related to the known Drosophila APC gene (dAPC). The sequencing of these nearly full-length cDNA clones confirmed the existence of a second APC gene in the fruit fly (see Supplementary material published with this article on the internet).
The tissue-specific expression of APC2 was compared to that of APC by probing dot blots of normalized poly(A) mRNA (RNA Master Blot TM 7770-1, Clonetech). Like APC, the highest levels of expression of APC2 were found throughout the central nervous system (see Supplementary material). We subsequently screened human foetal kidney and brain cDNA libraries, a human Pac (P1-derived artificial chromosome library) and a mouse genomic P1 library. Compilation of sequences revealed an open reading frame of 2274 amino acids for mouse APC2 and 2302 amino acids for human APC2. The mouse APC2 gene spans 14 kb and consists of 14 exons (see Supplementary material). In Figure 1a , the domain structures of human APC and mouse APC2 are compared. The highest similarity occurred in the amino-terminal 728 amino acids. Carboxy-terminal to the Armadillo repeat region, the homology dropped steeply. Despite this, protein sequence motifs that are believed to allow APC to interact with β-catenin, the so-called '20 amino acid repeats' [2] , could readily be identified. Somewhat surprisingly, the '15 amino acid repeats', which in APC have been proven to bind β-catenin [2] , appeared to be absent in APC2. In APC, three SAMP domains are interspersed between the 20 amino acid repeats and mediate binding to axin/conductin [4] [5] [6] [7] , whereas only two SAMP domains were found in APC2. The region of APC containing the 20 amino acid repeats and SAMP domains has been shown to harbour the functional regions required for the control of β-catenin in colorectal cancer cells and in Xenopus axis induction [8, 9] .
Because APC2 is an obvious candidate disease gene, we determined the chromosomal localization of the human APC2 gene by fluorescence in situ hybridization (FISH) analysis of metaphase chromosomes from human leukocytes. The gene could be unambiguously assigned to chromosome 19p13.3 ( Figure 2 ). The murine P1 genomic clone contained, next to the complete mouse APC2 gene, the proprotein convertase 4 gene, which has been mapped to chromosome 10 in mouse and chromosome 19 in man [10] .
APC controls the Wnt signalling pathway through its ability to form a complex with GSK-3β, axin/conductin and β-catenin. In the currently held scenario, β-catenin is believed to be phosphorylated by GSK-3β when it participates in this complex [1, [5] [6] [7] . This modification of β-catenin induces its ubiquitination and subsequent destruction by the proteasome [11] . Wnt signalling decreases the activity of GSK-3β. The consequent alteration of the phosphorylation state of β-catenin rescues it from destruction and allows it to travel to the nucleus, where it associates with T-cell factor (Tcf) transcription factors [12] [13] [14] [15] [16] [17] . This association results in the transcriptional activation of Tcf target genes. In colon cancer and melanoma, mutations in APC or β-catenin induce the constitutive formation of nuclear β-catenin-Tcf complexes, resulting in constitutive transcription of target genes [18] [19] [20] , such as c-myc [21] . The activity of Tcf-4 is essential for the maintenance of stem cells in the intestine [22] .
In the yeast two-hybrid assay, the APC2 SAMP domains interacted with conductin. But it should be noted that both SAMP domains were necessary for the interaction ( Figure 3 ). This contrasted with the observation that a single APC SAMP domain suffices for the interaction with 106 Current Biology, Vol 9 No 2
Figure 2
Human APC2 maps to chromosome 19p13.3. FISH was performed on metaphase chromosomes derived from phytohaemagglutininstimulated human blood cells using standard procedures. The metaphase 'spreads' of human leukocytes were hybridized with a 6 kb APC2-specific probe. The APC2 signal appears in red. The inset shows an overlay of the APC2 signal with a green chromosomal staining of chromosome 19. conductin ( Figure 3 ) [4] . This suggests differences either in the affinity of the interactions between APC2 or APC and conduction, or in the local protein structure of the SAMP domains.
In APC2, the presence of conserved interaction domains for β-catenin and for axin/conductin predicted its involvement in the control of β-catenin-mediated Tcf target gene transcription. To test this idea directly, we applied a well-established functional assay: the transient Tcf transcription assay [12, 13] . Transfections of reporter plasmids that contain either three optimal (TOP) or three mutant (FOP) Tcfbinding sites have demonstrated that Tcf factors activate transcription only when bound to β-catenin [12, 13] . In colon carcinoma cells lacking APC or expressing a mutant form of β-catenin, the deregulation of β-catenin results in the inappropriate transcription of Tcf reporter plasmids [18, 19] . The transfection of wild-type APC restores this control in APC -/-cells, but not in cells expressing mutant β-catenin [18, 19] . Using this assay, we tested whether APC2 could complement APC function in colon carcinoma cells. Indeed, transfection of either APC2 or APC in the APC -/-mutant SW480 (Figure 4a ) or DLD-1 (data not shown) cells inhibited the inappropriate activation of the Tcf reporter plasmid. As expected, no effects of APC2 or APC were seen in the HCT116 cell line, which expresses mutant β-catenin (Figure 4b ) or in several control cell lines (data not shown). Importantly, APC2 and APC did not downregulate the activity of the mutant reporter plasmid or the co-transfected Renilla luciferase control plasmid (pRL-TK; Figure 4 ). In
Brief Communication 107 , and the internal transfection control Renilla luciferase plasmid (pRL-TK; Promega), essentially as described in [18] . For each sample, values are given as the ratio of luciferase activity to Renilla activity. Although pTOPTKFLASH is actively transcribed in both cell lines, inhibition of its transcription by APC2 is observed only in the APC -/-cells. addition, the downregulation of endogenous β-catenin in SW480 cells transiently transfected with APC2 was visualized by immunofluorescence. Control cells showed speckled nuclear staining, whereas nuclear staining was absent in cells transfected with APC2 ( Figure 5 ).
Its similarities with APC would predict APC2 to be a tumour-suppressor protein. It has always been puzzling why the overwhelming majority of neoplasms in familial adenomatous polyposis patients occur in the intestine, while APC, β-catenin and Tcf factors are much more broadly expressed.
It is possible that APC and APC2 perform a redundant tumour-suppressor function in many tissues. The identification of APC2 and dAPC2 will allow the creation of mouse and fly strains that are mutant for these genes. Such animal models will shed more light on the unique functions of these genes and on their interactions with other components of the Wnt pathway.
While this manuscript was being reviewed, the sequence of the human APC2 gene was published by H. Nakagawa et al. [23] .
Supplementary material
Further details of dAPC and dAPC2 and the mouse APC2 gene, and the expression levels of human APC and APC2 in a variety of tissues are published with this article on the internet. 
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Figure S2
Expression of human APC2. Dot blots of 50 normalized poly(A) mRNA samples isolated from a large variety of tissues (and several controls) were hybridized with probes corresponding to the 5′ end of the APC2 and APC genes, according to the manufacturer's instructions (RNA Master Blot 7770-1, Clonetech). Although all tissue RNA samples yielded positive signals with both probes when compared to control RNA samples supplied on the blot, high levels of expression for both genes were observed throughout the central nervous system. Relative differences between APC and APC2 expression in a selected set of tissues are shown. The signals on individual dots were quantified by phosphorimaging; the signals obtained for the bladder mRNA samples were arbitrarily set at 1 for each of the individual probes and the background obtained with human Cot1 DNA was set at 0. 
